Immunocytochemical staining of tissues with the mouse macrophage-specific monoclonal antibody, F4/80, has shown that large numbers of stromal macrophages are present in adult and foetal haematopoietic tissues. Macrophage plasma membrane processes are seen to establish extensive associations with myeloid and erythroid cells in adult bone marrow and with developing erythroblasts in foetal liver, suggestive of local trophic interactions. To explore the nature of these interactions, methods were developed for isolation of resident bone marrow macrophages (RBMM) and foetal liver macrophages (FLM). Following collagenase digestion of bone marrow or foetal liver, clusters were obtained which were composed of one or more central macrophages surrounded by proliferating haematopoietic cells. After attachment of clusters to glass coverslips, adherent macrophages could be stripped free of haematopoietic cells by pipetting in the absence of divalent cations. The purified RBMM, but not FLM, expressed a novel haemagglutinin, which mediated binding, without ingestion, of large numbers of unopsonized sheep erythrocytes by a divalent cation-independent mechanism. In view of the possibility that this sheep erythrocyte receptor (SER) could interact with a homologous ligand on mouse bone marrow cells, its properties were examined. SER was found to be a lectin-like protein which recognized protease-resistant sialylated glycoconjugates on sheep erythrocytes. The expression of SER was restricted to certain stromal tissue macrophages and was low or absent on monocytes and macrophages obtained from serous cavities. High levels of SER could be induced on elicited peritoneal macrophages by cultivation in mouse serum and the induced receptor was found to mediate low-avidity binding of murine bone marrow cells with characteristics indistinguishable from those seen for binding of sheep erythrocytes. However, maximal binding of bone marrow cells to RBMM depended on a distinct, divalent cation-dependent adhesion system. Using erythroblasts as a ligand, FLM were selected to explore the properties and expression of this adhesion receptor, the erythroblast receptor (EbR). Similar to SER, EbR did not mediate ingestion, and was restricted in its expression to foetal and adult stromal tissue macrophages. Unlike SER, EbR activity was not affected by neuraminidase treatment of the ligand and the receptor was not induced on peritoneal macrophages cultured in mouse serum. EbR appears to be a novel cell adhesion receptor because it was unaffected by inhibitors of several previously described cell adhesion molecules, including the fibronectin receptor. Future studies will attempt to explore the functional significance of these two receptors in macrophage-haematopoietic cell interactions.
Introduction
In mammals, the physical association of resident bone marrow macrophages (RBMM) with developing red blood cells to form erythroblastic islets has been recognized for many years (Undritz, 1950; Bessis, 1958) . Several investigators have proposed that this macrophage population may play a dual role in erythroid homoeostasis, by removing effete nuclei and cellular debris and by providing an appropriate trophic microenvironment for proliferation and differentiation of haematopoietic cells (Bessis et al. 1978; Yoffey & Yaffe, 1980; Zakharov & Prenant, 1983) . Recently, studies in our laboratory have demonstrated that, in mice, RBMM plasma membrane processes are also associated with myelomonocytic cells, suggesting that the potential range of trophic interactions is more diverse than previously thought (Hume et al. 1984; Crocker & Gordon, 1985) . Here we consider the possible roles of RBMM and foetal liver macrophages (FLM) in haematopoietic regulation and describe our recent studies on macrophage receptors that interact with haematopoietic cells in foetal and adult mice.
The haematopoietic stroma
The haematopoietic stroma consists of a network of diverse cell types and extracellular matrix components which together provide a mechanical framework required for sustained haematopoiesis (for reviews see Dexter, 1982; Ploemacher et al. 1984; Weiss & Sakai, 1984) . The stroma may therefore be essential in regulating such events as the self-renewal, commitment and differentiation of pluripotential stem cells and the orderly migration of maturing progeny from endosteal regions towards and across the sinusoidal endothelium.
The existence of distinct erythroid and granulocytic microenvironments was clearly shown in the studies of Wolf & Trentin (1968) who found that following lethal irradiation and bone marrow reconstitution of mice, colonies developing in the spleen were predominantly erythroid whereas those in bone marrow were more granulocytic. Transplantation of bone marrow fragments to spleen resulted in transfer of the 'myeloid' microenvironment, thus supporting the concept of the "haematopoietic inductive microenvironment" (Trentin, 1971 ) rather than the idea of "haematopoiesis engendered randomly", favoured by others (Till et al. 1964) .
It is generally agreed that the stromal cell types in bone marrow include epithelial and endothelial cells, poorly defined fibroblast-like reticular cells and macrophages. Studies by Bainton and her colleagues (Westen & Bainton, 1979; Bainton, 1985) have demonstrated in histocytochemical studies that two types of 'reticulum cell' can be distinguished in rodent and human bone marrow: (1) a fibroblast-like cell which can be localized by reactivity for alkaline phosphatase on its plasma membrane and found concentrated near the endosteal regions of the bony trabeculae in close association with granulocytic precursors; (2) a macrophage-type reticulum cell which is evenly distributed throughout the marrow and characterized by its abundance of lysosomal acid phosphatase and associations mainly with erythroid precursors. Both reticulum cells were shown to extend long cytoplasmic processes between adjacent cells and these were frequently associated with extracellular fibrillar material (Bainton, 1985) .
An intriguing property of the fibroblast-like cells is their ability to transfer the haematopoietic microenvironment when grown in culture and then transplanted to ectopic sites such as the kidney (Friedenstein et al. 1974) . In addition, transplantation of stromal fibroblasts cultured from red (active) or yellow (inactive) marrow results in the formation of red and yellow marrow respectively (Patt et al. 1982) . Further studies ) have demonstrated that stromal fibroblasts from yellow marrow express a much greater level of a-naphthylbutyrate esterase than those from red marrow, but fine structure and biosynthesis of collagen types were indistinguishable. Subtle changes in the phenotype of these cells may therefore have a major effect on haematopoiesis, but little is known of the specific mechanisms involved.
Resident macrophages in haematopoietic tissues
The widespread distribution of macrophages in bone marrow has been noted by a number of investigators in several mammalian species (Bessis, 1958; Ben-Ishay & Yoffey, 1971; Weiss, 1976; Berman, 1976) . The resident population is quite distinct from the immature members of the mononuclear phagocyte system present in bone marrow, which comprise monoblasts, promonocytes and monocytes. In the mouse, these latter cells outnumber the RBMM by around 5:1 (P.R. Crocker, unpublished observations) and represent a rapidly proliferating pool of developmentally immature macrophages, which enter the blood stream as monocytes and develop into tissue macrophages throughout the body (Van Furth & Cohn, 1968) . In contrast, RBMM are thought to be 'fixed' in the marrow where they constitute part of the reticuloendothelial system (Florey & Gowans, 1962) . Although there is no information on the life-span of RBMM, it is likely to be in the order of weeks or months. This has been clearly demonstrated for splenic marginal zone macrophages, which resemble RBMM both in their stellate morphology and close plasma membrane associations with surrounding cells (Humphrey & Sundaram, 1985) . In addition, RBMM appear to be non-replicating or end-cells, since we have so far not observed mitotic figures or nuclear uptake of tritiated thymidine by these cells following isolation (Crocker & Gordon, 1985 and unpublished observations) . Their repopulation therefore probably depends on monocytes, but it is not known if these are derived from circulating blood monocytes that re-enter the marrow, or whether RBMM are derived from monocytes that have differentiated locally.
In general, RBMM have been identified in situ by various criteria such as morphology and ultrastructure, the presence of phagocytic inclusions, reactivity for the lysosomal marker acid phosphatase and, recently, by immunocytochemistry with specific antibodies. By all approaches, RBMM are seen to be evenly distributed throughout the marrow. Some are present within vascular sinusoids where they contribute to clearance of effete erythrocytes (Bessis & Breton-Gorius, 1962) , but the majority are found within the haematopoietic compartments ( Fig. 1A ; Hume et al. 1984) . By routine histological techniques, a subpopulation of RBMM can be quite readily recognized by their associations with developing erythroblasts to form erythroblastic islets. These become especially prominent during episodes of stimulated erythropoiesis when they can even be found within sinusoids (Ben-Ishay & Yoffey, 1971; De Jong et al. 1987) .
It is clear that in mice, RBMM also form associations with developing myelomonocytic cells. This has been observed by morphology during heightened eosinophilopoiesis following infection with Ascaris suum (Sakai et al. 1981) and can also be seen in normal mouse bone marrow by immunocytochemistry using the mouse macrophage-specific monoclonal antibody, F4/80, developed by Austyn in our laboratory ( Fig. 1A ; Austyn & Gordon, 1981; Hume et al. 1984) . This antibody recognizes an antigenic epitope on the macrophage plasma membrane and it is therefore possible to visualize the extensive plasma membrane processes that make contact with developing haematopoietic cells (Fig. 1A) . These processes are not easily detected using certain histochemical markers, such as acid phosphatase, which tend to give a more perinuclear staining pattern (Fig. 2B) . In long-term bone marrow cultures, there is a clear-cut association of myeloid precursors with macrophages within the multicellular adherent stromal layer (Allen & Dexter, 1984) . Upon addition of an erythropoietic stimulus these cultures also form erythroblastic islets which are indistinguishable from their in vivo counterparts (Allen & Dexter, 1982) .
During foetal development, the liver is the major site of blood cell production. Immunocytochemistry with F4/80 has shown that macrophages first appear in foetal liver on day 10 with active erythropoiesis being obvious from day 11 (L. Morris, unpublished results). These macrophages display long stellate plasma membrane processes, which are closely associated with erythroid cells (Fig. IB) . A striking feature of haematopoiesis in foetal liver is the low level of granulocyte production, despite the presence of progenitors (Johnson & Metcalf, 1978) . This may be due in part to the lack of a suitable microenvironment for granulocyte development. Compared with bone marrow, less is known about the nature of the cellular components that comprise the haematopoietic stroma in foetal liver (Medlock & Haar, 1983 ), but it is interesting that alkaline-phosphatase-positive reticulum cells can be detected by day 16, but not at day 9 (Ahmad & Bainton, 1986) .
Possible functions of macrophages in haematopoietic regulation
The extensive membrane associations of RBMM and FLM with developing haematopoietic cells provide an ideal opportunity for close-range regulation of cell growth, differentiation and movement. To date, however, there is no evidence that this macrophage population serves any role beyond phagocytosis of damaged cells and effete red cell nuclei and presumed turnover of the iron and other metabolites that arise from their breakdown. It has been estimated that a single macrophage in an 
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Examine by phase-contrast microscopy erythroblastic islet may phagocytose up to 40 nuclei per day (Yoffey & Yaffe, 1980) . Indirect evidence that this cannot be the only function of RBMM has come from our unpublished observations that erythroblastic islets can be isolated from chicken bone marrow (Fig. 2E ). These consist of one or more central acid-phosphatase-positive macrophages surrounded by developing erythroblasts, which, in the chicken, do not undergo enucleation. Since the survival, growth and differentiation of haematopoietic cells in vitro depends on the continuous presence of specific colony stimulating factors (reviewed in Metcalf, 1984) , it is interesting to speculate whether RBMM and FLM are important sources of these trophic factors in vivo, under steady-state conditions. There is some evidence that FLM and adult Kupffer cells are able to produce erythropoietin-like activity in vitro (Gruber et al. 1977; Paul et al. 1984) but there is no information on other growth factors. A major difficulty in exploring the biosynthetic capacities of these tissue macrophage populations is that sufficient numbers of purified cells cannot be obtained easily for analysis of growth factor production, either at the level of mRNA or protein synthesis (P.R. Crocker, unpublished observations). However, studies with mouse peritoneal macrophages and cultured human monocytes, which can be obtained pure and in large numbers (>10 ), have demonstrated the capacity of these cells to synthesize and secrete several of the haematopoietic growth factors. These include erythropoietin, GM-CSF, G-CSF and M-CSF (CSF-1) (Metcalf, 1984; Metcalf & Nicola, 1985; Rich, 1986; Horiguchi et al. 1987 ; Rambaldi e* a/. 1987; Thorens <?£ a/. 1987). In addition, macrophages are an important source of interleukin (IL)-lar, shown to be identical with haemopoietin-1 (Bartelmez & Stanley, 1985; Mochizuki et al. 1987) . This molecule, which has a broad range of biological activities (Kampschmidt, 1984) , is able to synergize with haematopoietic growth factors to promote the growth of developmentally very early progenitor cells (Stanley et al. 1986) . In vitro, IL-1 and the macrophage product, tumour necrosis factor (TNF)a, can promote myelomonocytic growth indirectly by stimulating the production of GM-CSF, G-CSF and M-CSF from fibroblasts and endothelial cells (Zucali et al. 1986; Broudy et al. 1987; Seelentage^ al. 1987) . Finally, IL-1 can also act negatively by inhibiting the growth of erythroid progenitors in response to erythropoietin (Schooley et al. 1987 ).
In addition to the above factors, macrophages are able to secrete a broad variety of other substances (Nathan, 1987) , several of which could influence haematopoietic cell growth and differentiation. Well-characterized macrophage factors with inhibitory activity include a//3 interferons, transforming growth factor (TGF)/3 and prostaglandins. In addition, bone marrow cells with macrophage-like properties are sources of two distinct but poorly characterized activities, one that stimulates and one that inhibits stem cell proliferation (Wright et al. 1980 (Wright et al. , 1982 . However, at present it is unclear whether these latter activities are derived from RBMM or from the more numerous immature monocytes present in bone marrow cell suspensions. Although both cell types belong to the same lineage, they are likely to display widely differing secretory activities. This would be consistent with our single-cell analysis of RBMM, which showed that their expression of various surface antigens and receptors differed both quantitatively and qualitatively from those expressed by monocytes and peritoneal macrophages (Crocker & Gordon, 1985) .
From the above discussion it is probable that macrophages participate in a complex regulatory network involving a variety of cell types, cytokines and haematopoietic growth factors. It is clear from in vitro and in vivo studies that the production of haematopoietic growth factors and IL-1 by peritoneal macrophages or monocytes is not usually constitutive, but requires addition of either inflammatory stimulants, such as endotoxin, or certain haematopoietic growth factors (Metcalf, 1984; Metcalf & Nicola, 1985; Horiguchie* al. 1987 ). In the case of GM-CSF, even such non-specific stimuli as adhesion or phagocytosis were found to induce its synthesis and secretion by mouse peritoneal macrophages (Thorens et al. 1987 ). These observations, together with the suggestion that mRNA for several of the colony stimulating factors cannot be detected in long-term bone marrow cultures despite the presence of large numbers of macrophages (Allen & Dexter, 1984; , raise the possibility that production of these factors by macrophages may be more important during inflammatory responses than during steady-state haematopoiesis. Further studies are clearly needed to determine the range of synthetic and secretory activities of RBMM and FLM in situ.
Isolation of haematopoietic cell clusters
To gain insight into the possible functions of RBMM, it has been important to develop methods for their isolation rather than to use more accessible populations such as peritoneal macrophages (mouse) or blood monocytes (human) whose phenotypes differ from that of RBMM in either species (Crocker & Gordon, 1985; S-H. Lee, personal communication) . Several investigators have shown that erythroblastic islets can be isolated from rodent bone marrow and spleen following gentle mechanical disruption (Le Charpentier & Prenant, 1975; Yoffey & Yaffe, 1980; Macario et al. 1981; Zakharov & Prenant, 1982) . In all cases, the erythroblastic islets or 'nests' consisted of a single central macrophage surrounded by a cohort of erythroblasts at similar developmental stages. More recently, however, we found that gentle enzymic dispersion of murine bone marrow plugs with collagenase allowed the recovery of not only erythroblastic islets, but also more numerous clusters of haematopoietic cells, which contained large numbers (often up to 100 or more) of both immature myeloid and erythroid cells together with one or more macrophages (Figs 2-5; Crocker & Gordon, 1985) . It is likely that these clusters are derived from much larger 'cell aggregates' by enzymic digestion of collagen and other matrix components that are responsible for maintaining the integrity of the marrow plug in situ. Dispersion of these cell aggregates into single-cell suspensions by purely mechanical means, such as vigorous pipetting, results in the virtual loss of RBMM. This is not surprising given the extensive network of delicate RBMM plasma membrane processes in clusters ( Figs 1A, 4A,B) . With foetal liver, digestion with collagenase also allowed the recovery of erythroblastic islets together with multicellular aggregates containing a variety of poorly defined cells such as epithelioid pre-hepatocytes and other cells of mesenchymal and endodermal origin (Figs ID, 5B ; Morris et al. 1988 ). 
Characterization of haematopoietic cell clusters
An important question regarding the bone marrow clusters was whether they were composed of a subpopulation of haematopoietic cells. In other words, do RBMM establish selective associations that could be important regarding their potential role in haematopoietic regulation? To explore this question, clusters were purified from the excess of single cells in the digests by unit gravity velocity sedimentation on 30 % foetal calf serum columns (Crocker & Gordon, 1985) . In these preparations, erythroblastic islets are normally outnumbered by the larger clusters, which are usually composed of several macrophages and a mixture of erythroid and myeloid cells (Figs 2, 4) . Within the clusters, it is sometimes possible to see a subset of the macrophages tightly surrounded by a concentric cohort of developing red cells. More commonly, however, macrophage plasma membrane processes within the clusters appear to be associated with a mixture of erythroid and myeloid cells.
By several criteria, our results to date have shown that RBMM interact selectively with haematopoietic cells. By morphology, it was found that purified clusters were enriched for immature myeloid and erythroid elements compared with the nonclustered fraction. However, the most striking demonstration of the selective nature of macrophage-haematopoietic cell interactions was seen when clustered and nonclustered fractions were compared for their uptake of tritiated thymidine. Cells in clusters incorporated up to fivefold more thymidine and autoradiography demonstrated that the majority of cells directly attached to RBMM were proliferating ( Fig. 1C ; Crocker & Gordon, 1985) . In contrast to the enrichment for dividing cells, purified clusters were found to be selectively depleted of early granulocytemacrophage progenitors (Crocker & Gordon, 1985) . Early progenitors may be prevented from associating with RBMM as a result of sequestration by extracellular matrix components or by lectin-like interactions with other stromal elements (Aizawa & Tavassoli, 1987) . At some point during differentiation, late progenitors such as CFU-E and myeloid cluster-forming cells presumably establish contact with RBMM or FLM membrane processes. They may then remain attached to macrophages within clusters throughout their last cycles of growth and differentiation. In this way, 'oligoclones' would develop around individual macrophages before their exit into the circulation. Experimental evidence for this possibility has been obtained in studies of postnatal liver, using mouse chimeras (Rossant et al. 1984) , and has been inferred by the observation that erythroblasts often appear to be synchronized in erythroblastic islets isolated from regenerating adult haematopoietic tissues and foetal liver (Bessis et al. 1978; Morris et al. 1988) . Similarly, with the mouse thymus, Kyewski & coworkers (1982) demonstrated that 'rosettes' of thymocytes attached to a central macrophage could be isolated by enzymic dispersion. Using mixed bone marrow radiation chimeras, the thymocytes in rosettes were often enriched for a single genotype, suggesting they had undergone oligoclonal expansion whilst in contact with the central macrophage (Kyewski et al. 1984) .
In vivo studies of murine bone marrow have demonstrated that the most intense division occurs subendosteally (Shackney et al. 1975) . Myeloid progenitors have also been shown to exist in highest numbers close to this region (Lord et al. 1975) . The higher frequency of proliferating cells in the subendosteum may be related to a correspondingly greater local production of colony stimulating factors compared with axial marrow (Chan & Metcalf, 1972) . These may be derived in part from the fibroblastic reticulum cells since they are able to produce haematopoietic growth factors constitutively in vitro (Brockbank & Van Peer, 1983) and their subendosteal location correlates well with growth factor production and regional cell proliferation. It is likely that a proportion of the clusters liberated by collagenase digestion is derived from subendosteal regions of the bone marrow, since 10-30% express the intense alkaline phosphatase reactivity of fibroblastic reticulum cells (Fig. 2C ) and the majority contain developing myeloid cells, as revealed by morphology or immunocytochemical staining with the monoclonal antibody F7/4, which is specific for myelomonocytic cells (Figs 2A, 4C ; Hirsch & Gordon, 1983; Crocker & Gordon, 1985) .
Importance of cell-cell contact in haematopoiesis
One of the main aims of our work has been to explore the nature of molecules involved in cellular contacts between macrophages and haematopoietic cells. Several lines of evidence suggest that direct cellular interactions play important regulatory roles in haematopoiesis. In long-term bone marrow cultures, direct contact between the adherent stromal layer and haematopoietic stem cells is necessary for sustained growth (Bentley, 1981) . Studies with murine IL-3-dependent stem-cell lines have shown that adhesion to irradiated stroma or to NIH 3T3 fibroblasts abrogates their IL-3 dependence and permits their complete differentiation to myeloid and erythroid lineages (Spooncer et al. 1986; Anklesaria et al. 1987) . The effect of 3T3 cells appears to depend critically on adhesion rather than a metabolic response, because similar results were obtained following fixation of the 3T3 cells with glutaraldehyde (Roberts et al. 1987) . The importance of adhesion has also been demonstrated in a blast colony assay in which the proliferation of human bone marrow progenitors depends on adhesion to a preformed stroma (Gordon et al. 1987a) . At present, the nature of the adhesion between stroma and stem cells has not been defined, though glycosaminoglycans and lectin-like interactions have been implicated (Spooncer et al. 1983; Green et al. 1986; Aizawa & Tavassoli, 1987) .
To date, the best defined substrate for haematopoietic cell adhesion is fibronectin. This was first demonstrated for erythroid cells (Patel & Lodish, 1984) and subsequently for myeloid cells (Giancotti et al. 1986) and is mediated via a wellcharacterized 140K (K = 10 3 M r ) receptor on immature haematopoietic cells, which is likely to belong to the integrin family of cell adhesion molecules (Hynes, 1987) . Interestingly, studies in the mouse and human have shown that adhesion of erythroleukaemia cells or erythroblasts to fibronectin is able to promote haemoglobinization, terminal differentiation and enucleation in the presence of chemical inducers or erythropoietin Tsai et al. 1987) . During the transition between erythroblast and erythrocyte, levels of fibronectin receptors (FnR) are greatly decreased and this correlates with the decreased adherence of the mature red cell to fibronectin (Patel et al. 1985) . This rinding has led to speculation that the interaction of immature haematopoietic cells with fibronectin prevents their premature release from bone marrow into the circulation (Patel et al. 1985) . Other denned adhesion molecules for immature haematopoietic cells include a /3-galactoside lectin on erythroblasts, which mediates agglutination (Harrison & Chesterton, 1980 ) and a recently described extracellular matrix glycoprotein, haemonectin, which appears to bind selectively to myeloid cells (Campbell et al. 1987) .
RBMM express novel cell surface haemagglutinins: sheep erythrocyte receptor
In order to investigate the surface properties of RBMM and FLM, we devised a method for their purification based on adherence of cluster-containing macrophages to glass coverslips followed by removal of the attached haematopoietic cells (Figs 3, 5) . In the case of RBMM, an extensive phenotypic cell analysis was carried out, comparing their surface properties with those of resident peritoneal macrophages (RPM) (Crocker & Gordon, 1985) .
The most interesting and unexpected finding of this survey was the ability of most RBMM to bind large numbers of unopsonized sheep erythrocytes, a property which had previously not been described for murine macrophages (Fig. 5E ). In view of the striking similarity between rosette formation with sheep erythrocytes and the natural ability of RBMM to cluster with haematopoietic cells, we considered the possibility that by chance, sheep erythrocytes were defining a macrophage receptor, whose natural ligand was present on the attached haematopoietic cells (Crocker & Gordon, 1986) . Consistent with this hypothesis, RBMM showed virtually no ingestion of sheep erythrocytes over a period of several hours, an expected property of a putative cell interaction receptor.
Other characteristics of the sheep erythrocyte receptor (SER) are summarized in Table 1 . The receptor is a macrophage-restricted, lectin-like protein, which recognizes sialylated glycoconjugates on the surface of sheep erythrocytes. The enhancement of binding observed after pretreatment of sheep erythrocytes with trypsin or protease and the potent inhibition mediated by the ganglioside GDla (but not by a variety of heavily sialylated glycoproteins) raise the possibility that the sialic acid For further details see Crocker & Gordon (1986) recognized on sheep erythrocytes is part of a ganglioside rather than a glycoprotein. In addition to RBMM, SER in adult mice was expressed at high levels on stromal lymph node macrophages, at intermediate levels on liver and stromal splenic macrophages, but it was low or undetectable on monocytes and peritoneal, pleural and bronchoalveolar macrophages ( Fig. 6 ; Crocker & Gordon, 1986 ).
Regulation of SER expression
It was important to elucidate the mechanism(s) regulating expression of SER as this would allow us to develop an in vitro model of SER expression using an abundant macrophage population such as thioglycollate-elicited peritoneal macrophages (TPM). This would be essential in prospective cellular, biochemical and functional studies. One possibility was that the differential expression of SER observed in vivo was simply related to the maturity of different macrophage populations. This was Fig. 6 . Expression of SER on different macrophage populations. Cells were obtained by collagenase digestion (A-D, F) or lavage (E). Rosetting was carried out with cells adherent to glass coverslips (A-E) or in suspension followed by cytocentrifugation onto glass slides (F). Preparations were fixed were glutaraldehyde and stained by immunocytochemistry with anti-la to detect la antigens (A) or with F4/80 (B-F) and counterstained with Mayer's haematoxylin. A. Inverse expression of SER and la antigens on RBMM. One RBMM is stained strongly for la antigens but does not bind SE, whereas two RBMM bind large numbers of SE but are negative for la antigens (arrows). B. RBMM stained with F4/80. Unlike la antigens, F4/80 is uniformly expressed on both SER positive and negative RBMM. clearly not the case, however, since cultivation of TPM in media supplemented with 10 % foetal calf serum for periods of up to 2 weeks did not result in significant expression of SER. We therefore considered the possibility that an inducing activity was absent from the in vitro system. Accordingly, when the foetal calf serum was replaced with homologous murine plasma or serum, we observed a dose-dependent induction of SER on TPM, which reached maximal levels within 3 days. The
w3 -m mm inducing activity of serum appeared to be species-but not strain-restricted, since relatively little induction of SER was observed in the presence of rat, guinea-pig, rabbit, horse or human sera, whereas equivalent induction was observed with sera from different inbred mouse strains (unpublished results). The availability of TPM expressing high levels of SER has allowed us to raise a monoclonal antibody to the receptor. This was achieved by immunizing rats with induced TPM and screening hybridoma supernatants for inhibition of rosette formation. A hybridoma, called SER-4, was isolated using this strategy which was also able to inhibit binding of sheep erythrocytes to RBMM (unpublished results). Immunocytochemistry with this antibody on bone marrow clusters has confirmed the specificity of SER for RBMM and, unlike F4/80, it does not react with monocytes within clusters (Fig. 4B) .
Murine haematopoietic cells express an appropriate ligand for SER
By the criteria described in Table 1 , the induced SER was indistinguishable from SER expressed naturally on RBMM. Induction of SER on TPM was fully reversible, involved protein synthesis (inhibitable by cycloheximide) and required the continuous presence of mouse serum to maintain high levels. The levels of SER achieved in vitro were equivalent to, or even greater in some experiments, than those observed on isolated RBMM. It therefore provided us with a suitable system with which we could ask whether an appropriate sialylated ligand for SER was expressed on the surface of murine haematopoietic cells.
When single-cell suspensions from bone marrow were added to peritoneal macrophages cultured for 3 days in either 10% mouse serum or 10% foetal calf serum, significant attachment was only observed to the former, which also expressed high levels of SER. The characteristics of bone marrow cell binding to induced macrophages were very similar to those observed with sheep erythrocytes. These included the independence of divalent cations and apparent requirement for a protease-resistant sialylated structure (s). These observations are therefore consistent with the possibility that SER on RBMM can interact with an appropriate sialylated ligand on the attached haematopoietic cells.
A distinct haemagglutinin mediates binding of erythroblasts to FLM and RBMM
The finding that attachment of sheep erythrocytes to RBMM was independent of divalent cations suggested that SER was unlikely to be a dominant cell adhesion receptor, since, first, removal of divalent cations was an important step for detachment of haematopoietic cells from RBMM and FLM during their purification (Figs 3, 5) and, secondly, when bone marrow cells or foetal liver erythroblasts were added back to purified RBMM or FLM respectively, maximal adhesion was only obtained in the presence of divalent cations (Fig. 1E,F) . In addition, FLM purified from erythroblastic islets expressed very low levels of SER (Fig. 5F ). These observations suggested that one or more haemagglutinins distinct from SER are required for high-avidity binding of haematopoietic cells to RBMM and FLM.
To explore the nature of this divalent cation-dependent adhesion, FLM were used, since erythroblasts could be obtained as a relatively homogeneous ligand from foetal livers and they gave minimal background adherence to the glass coverslips during rosetting assays (Morris et al. 1988) . These studies have confirmed and extended the evidence that the erythroblast receptor (EbR) and SER are distinct (Table 2) . Despite the differences in ligand specificity and divalent cation requirements of the two receptors, they share the properties of being non-phagocytic cell surface proteins which are synthesized and selectively expressed by stromal macrophage subpopulations. Similarly to SER, high levels of EbR have been found on RBMM and stromal lymph node macrophages, whereas low levels are expressed on peritoneal cavity macrophages. Unlike SER, however, we have not observed induction of EbR on peritoneal macrophages cultured in homologous serum, suggesting that expression of the two receptors is controlled by different regulatory pathways (unpublished observations). Consistent with this notion, it has been possible to obtain macrophage populations in vitro that express all four possible combinations of the two receptors (Table 3 ).
The nature of the ligand on erythroblasts recognized by EbR is not yet defined, but it is resistant to treatment with both proteases and neuraminidase. In a preliminary investigation into the cell types that express an appropriate ligand for EbR, we have seen avid divalent cation-dependent binding by adult bone marrow cells and by erythroblasts from spleens of phenylhydrazine-treated adult mice, but circulating erythrocytes bind poorly. The EbR ligand is therefore expressed at high levels on immature erythroid and myeloid cells but at considerably reduced levels on circulating blood cells. Thus, one potentially important function of EbR may be to prevent premature release of bone marrow cells into the circulation, as has previously been proposed for the FnR (Patel et al. 1985) . Indeed, the similarities between EbR and FnR led us to investigate the relationship between the two receptors. Known inhibitors of FnR, including RGD-containing peptides and specific antisera to rodent FnR and fibronectin, had no effect on EbR activity, suggesting that erythroblasts do not bind to FLM by this mechanism. Further experiments are needed to identify the nature of EbR, but our studies to date indicate that this is a novel cell adhesion receptor (Morris et al. 1988 ).
In conclusion, there appear to be two distinct haemagglutinins expressed differentially by stromal tissue macrophages which are involved in macrophagehaematopoietic cell interactions. First, SER, which was defined on the basis of binding sheep erythrocytes, can also mediate low-affinity interactions with a homologous ligand on adult bone marrow cells. Establishment of the SER-ligand complex in haematopoietic cell clusters may depend on the second haemagglutinin, EbR which mediates high-avidity adhesion between macrophages and haematopoietic cells.
Functional implications of macrophage-haematopoietic cell adhesion
While the earlier discussion illustrated the likely importance of cell adhesion in haematopoiesis, there has been little insight into the mechanisms involved. Regarding growth and differentiation, it is possible that one outcome of adhesion mediated by receptors such as EbR is the establishment of secondary, low-affinity interactions between other receptors and ligands, which result in a biological response. For example, recent studies have shown that with T lymphocytes, the plasma membrane glycoprotein LFA-1 mediates adhesion to appropriate targets. This can then lead to ligation of the T-cell-receptor complex with antigen which results in cellular activation (Springer et al. 1987) . Direct cellular activation of lymphocytes has been demonstrated for the human T-cell sheep erythrocyte receptor, CD2 (distinct from the mouse SER), whose natural ligand, LFA-3, is expressed on a broad variety of human cells (reviewed in Springer et al. 1987) . Similarly, in the haematopoietic system, receptors such as SER and EbR may be capable of mediating direct cellular signalling with haematopoietic cells. In this respect, it is interesting that gangliosides, which are potential ligands for SER, are thought to be important signalling molecules for growth and differentiation (Dixon et al. 1987) .
Adhesion of progenitors to stroma may promote interactions between certain growth factors or inhibitors presented by the stroma and their corresponding receptors on the haematopoietic cells. For instance, bone marrow extracellular matrix has been shown to sequester colony stimulating factors (Gordon et al. 19876 ) and stromal cells may be able to present at their surface certain growth factors or inhibitors. In the mouse, a plasma membrane association of haematopoietic growth factors has been demonstrated for M-CSF (Cifone & Defendi, 1974; Rettenmier et al. 1987) and has been implicated for GM-CSF by the fact that one of the two possible mRNAs encodes a hydrophobic sequence, which could anchor the molecule within the plasma membrane (Gough et al. 1985) . Recent studies have also shown that IL-1 can exist as a biologically active molecule on the plasma membrane of various cell types including macrophages (Kurt-Jones et al. 1985 Beuscher et al. 1987) . The future availability of specific antisera should reveal whether molecules such as these are present on the plasma membrane of RBMM and FLM.
Adhesion between stroma and haematopoietic cells could play a role in close-range exchange of nutrients or other substances that influence growth and differentiation. This was proposed by Bessis & Breton-Gorius (1962) who considered the possibility that ferritin might be exchanged between macrophages and erythroblasts in erythroblastic islands. In ultrastructural studies of long-term bone marrow cultures Allen & Dexter (1982) noted occasional gap junctions and an increased number of vesicles at the points of contact between macrophages and erythroblasts. Although there has been no attempt to determine whether substances are exchanged between macrophages and haematopoietic cells, this has been demonstrated for lymphocytes, which are able to transfer lysosomal enzymes to fibroblasts in a contact-dependent fashion (Olsen et al. 1986) .
Finally, adhesion molecules may be important in guiding the movement of progenitors and their differentiated progeny within the stromal matrix and across the endothelial barrier into the circulation. Control over these processes could be provided by the temporally regulated expression of ligands on haematopoietic cells and modulation of adhesion receptors by the fixed stromal elements. Receptors such as SER and EbR are excellent candidates for such functions.
Conclusions
We have identified two distinct and novel receptors which are selectively expressed at high levels on stromal macrophage populations. One of these, EbR, is present on RBMM and FLM and mediates high-avidity divalent cation-dependent binding between stromal tissue macrophages and immature haematopoietic cells and appears to represent a novel cell-adhesion system. In contrast, SER is present on RBMM but absent from FLM and is able to mediate low-avidity binding of haematopoietic cells when expressed at high levels in vitro. At present, the specific functions of these receptors are unknown but their distribution and properties indicate a fundamental role in communication between macrophages and haematopoietic cells. The future production of specific inhibitors to these receptors may shed light on the functional significance of macrophage-haematopoietic cell interactions. 
